Triterpenoid saponins are one of the key active components of many medicinal plants. The biosynthetic pathway of triterpenoid saponins in higher plants and a lot of experimental results both indicated that the key enzymes involved in triterpenoid saponin synthesis are squalene synthase (SS), squalene epoxidase (SE), lupeol synthase (LS), dammarenediol synthase (DS), β-amyrin synthase (β-AS), cytochrome P 450 -dependent monooxygenase (PDMO), and glycosyltransferase (GT). The activities and coding genes of the key enzymes could be induced by a range of factors in various plant species. However, the effects of the factors on the content and composition of the triterpenoid saponins in specific plants are not certainly coincident, and different factors appear to induce the gene expressions of the key enzymes by different signal pathways and at different levels. This paper could provide a reference for strengthening the triterpenoid saponin-synthesizing capability of specific medicinal plants at enzyme and/or gene expression levels in order to improve the plants' commercial values.
As one of the plant secondary metabolites that is common in dicotyledons, but rare in monocotyledons, triterpenoid saponins mainly consist of triterpene aglycones (sapogenins) and saccharides. Being arranged mostly in a four or five ring configuration of 30 carbons, the sapogenins can be roughly classified into two kinds, tetracyclic and pentacyclic. The saccharides include D-glucose, D-galactose, L-arabinose, Lrhamnose and uronic acids. In addition, triterpenoid saponins may hold organic acids, for example tiglic and cinnamic acids [1] [2] [3] .
Tetracyclic sapogenins are further subdivided into several groups, mainly including dammarane, lanostane, euphane, cucurbitane, protostane, meliacane and cycloartane [1] [2] [3] [4] . Typical examples of dammarane-type compounds are panoxadiol and panaxatriol. Dammarane-type triterpenoid saponins are distributed widely in Panax, and are the active ingredients of, for example, P. ginseng, P. notoginseng and P. quinquefolium. However, they also exist in other plant species, for example, jujubogenin of jujuboside A and B of Zizyphus jujube. The derivatives of lanostane, for example polyporenic, pachymic and tumulosic acids, are distributed broadly in plants, for example Fomes officinalis, Cimicifuga dahurica and Poris cocos.
Euphane is the steroisomer of lanostane and exists mainly in the milk and resin of spermatophytes, for example euphol in Euphobia and masticadienonic acid in Boswellia carteri. Cucurbitane-type compounds exist chiefly in Cucurbitaceae, for example cucurbitacin Ia and IIb of Hemsleya amabilis and mogroside V of Momordica grosvenori. Protostane is represented by alisol A and B of Alisma orientalis. Meliacane exists mainly in the fruits and barks of Melia species, for example chuanliansu and isochuanliansu of M. toosendan. The basic carbon framework of cycloartane is similar to that of lanostane. An example is cycloastragenol from Astragalus membranaceus [1] [2] [3] .
Pentacyclic sapogenins are also further subdivided into several groups, chiefly oleanane (e.g. β-amyrin), ursane (e.g. α-amyrin), lupane (e.g. betulin), friedalane, iso-βamyrin, fernane, isofernane, hopane and isohopane [1] [2] [3] [4] . Oleanane-type compounds have the pentacyclic carbon framework of perhydropicene and are distributed mainly in species of Leguminosae, Araliaceae, Campanulaceae, Polygalaceae, Loranthaceae and Lardizabalaceae. Examples are glycyrrhetinic acid of Glycyrrhiza uralensis, saikogenin of Bupleurum chinensis and oleanolic acid of Acanthopanax senticosus. Ursane is represented by taraxasterol of Many plants synthesize triterpenoid saponins during their normal growth and development [5] , and triterpenoid saponins are the active components of many medicinal plants [1] [2] [3] . It has been confirmed that triterpenoid saponins have many pharmacological functions, for example, angiomodulating, anticancer, anticarcinogenic, anti-coagulant, anti-inflammatory, antiviral, blood sugar and fat-reducing, hepatoprotective, hypocholesterolemic, hypoglycemic, immuno-modulatory, and neuroprotective [6] [7] [8] [9] . However, despite these promising activities of triterpenoid saponins, great difficulty in obtaining sufficient quantities of them from natural sources and/or by chemical synthesis prevent them from being used in clinical trials. Because the supply of triterpenoid saponins by chemical synthesis is very problematic, both in terms of quantity and cost, biological production has been considered to be an alternative method to obtain them in adequate quantities [10] . Consequently, a thorough understanding of the key enzymes of triterpenoid saponin biosynthesis, and the inductions of their activities and gene expressions in plants is urgently required for improving the biological production of these compounds [11] .
This review deals with the functions and coding genes of the key enzymes involved in triterpenoid saponin biosynthesis in higher plants, and emphasizes the current knowledge about the inductions of the activities and gene expressions of the enzymes in plants. The aim of this review is to provide a basis for the manipulations necessary to improve the triterpenoid saponin content at enzymatic and/or molecular levels in order to promote the commercial values of the targeted medicinal plants.
Biosynthetic pathway of triterpenoid saponins in higher plants
In higher plants, it has been established that triterpenoid saponins are synthesized by the isoprenoid pathway, and the active C5-unit isopentenyl pyrophosphate (IPP) is the precursor from which all isoprenoids are formed via head-to-tail addition. IPP is synthesized by either the mevalonate pathway (MVAP) in cytoplasm and mitochondria or by the pyruvate/glyceraldehyde-3phosphate pathway (PGP) in plastids. PGP is also named the non-mevalonate pathway, the mevalonateindependent pathway, the 2-C-methyl-D-erythrirtol-4phosphate (MEP) pathway and 1-deoxy-D-xylulose 5phosphate pathway (DXP). However, some exchanges and/or cooperations exist between the above two pathways, which are operating under different physiological conditions of the cells and dependent on the developmental state of the plastids (Figure 1 ). The first synthesized triterpenoid saponins are the lupane, dammarane and oleanane types ( Figure 2 ) [5, [12] [13] [14] [15] .
Functions and coding genes of the key enzymes involved in triterpenoid saponin biosynthesis
Being inferred from the biosynthetic pathway of triterpenoid saponins in higher plants, the key enzymes involved in triterpenoid saponin biosynthesis are squalene synthase (SS or SQS) ( [5, 11, [16] [17] [18] .
(1) Function and coding gene of SS: SS catalyzes two molecules of farnesyl-pyrophosphate (FPP) to condense head to head, producing one molecule of squalene, which is the common precursor of the biosynthesis of terpenes, for example, triterpene, sterols, and cholesterol [19, 20] .
Currently in plants, SS transcription and SS activity have been verified to be positively related to the synthesizing quantity of triterpenoid saponins. For instance, Hayashi et al. confirmed, in cultured cells of Glycyrrhiza glabra, that the strengthening of SS transcription contributed to the high-level accumulation (more than 2% of dry cell weight) of soyasaponins [21] . the maximal glycyrrhizic acid content in the roots was 3.6 times higher than that of the wild type [26] .
The sequences and expression features of some plant squalene synthase genes (SSs) have now been clarified. For example, Liu found that the genomic DNA (gDNA) [30] . On the other hand, it has been proved that SS expression is not only related to other genes in the biosynthetic pathway of triterpenoid saponins, but also specific to particular plant species. Lee et al. proved that the overexpression of P. ginseng SS (PgSS1) in adventitious roots of transgenic P. ginseng was followed by the upregulation of all the downstream genes, for example, squalene epoxidase gene (SE), β-amyrin synthase gene (β-AS) and cycloartenol synthase gene (CAS) [24] , and Uchida et al. found that the glycine of Euphorbia tirucalli SS (EtSS) at the 287 th residue from the N-terminal end of domain C replaces alanine, which is conserved among all the other SS sequences in the GenBank [31] .
(2) Function and coding gene of SE: SE catalyzes the transformation from squalene to (S)-2, 3-oxidosqualene (OS), which is the first oxygenation step in phytosterol and triterpenoid saponin biosynthesis [32, 33] (3) Functions and coding genes of LS, DS and β-AS: LS, DS and β-AS all belong to 2, 3-oxidosqualene cyclases (OSCs), which form a superfamily [5, 15] . In the biosynthetic pathway of triterpenoids and phytosterols, the reaction catalyzed by OSCs is a branch point [5, 13, 15, 32] . In the reaction, OS undergoes protonation, cyclization, rearrangement and deprotonation to form the diverse triterpene structures ( Figure 1 ) [5, 38] . Furthermore, different OSC catalyzed reactions produce diverse carbocyclic skeletons, hydride and methyl shifts to produce different intermediate cations, and different cation-quenching steps finally result in the skeletal diversity among triterpenes [38] . In triterpene synthesis, cyclization of OS is the initial origin of the structural diversity and subsequent regio-and stereospecific hydroxylation of the triterpene skeleton produces further structural diversity [10] . The notable stereochemical control and product specificity of OSCs may be caused by "negative catalysis" [39] . In many plant species, OSCs are generally present in multiple copies, for example, Arabidopsis thaliana genome has 13 [13] , and P. ginseng has 5 [40] . So far, five kinds of OSCs have been identified from plants, i.e. LS, DS, β-AS, cycloartenol synthase (CAS) and lanosterol synthase ( LAS) [5, 32, 41] . LS, DS and β-AS form a family [5, 32, 41] , and before cyclization, they fold the substrate in a pre-chair-chairchair conformation and are responsible for the precursor synthesis of triterpenoids [38] , but CAS and LAS are responsible for the precursor synthesis of sterols ( Figure  1 ) [5, 32, 41, 42] . In the phylogenetic tree, OSCs having the same enzyme function form respective branches, even if they derive from different plant species [43] . However, the amino acid sequences of various plant OSCs share high homology and contain two highly conservative sequences, one of which is the DCTAE, which is related to substrate-binding; the other is the distinctive QW sequence [5, 15] . In addition, a single mutation can engineer LS into β-AS [44] ]. LS diverged from CAS after plants diverged from fungi and animals, which is the reason that fungi and animals cannot make lupeol [45] .
LS catalyzes the cyclization of OS to lupeol. However, LS may be multifunctional. For example, A. thaliana LS can catalyze the formation of not only lupeol but 3, 20dihydroxylupane, β-amyrin, germanicol, taraxasterol and Ψ-taraxasterol [13, 45, 46] , and Kandelia candel LS (KcMS) can catalyze the formation of lupeol, β-amyrin and α-amyrin in a 2:1:1 ratio [47] . In most plants, LS transcription level has been proved to be in agreement with triterpenoid accumulation, for example, in G. glabra, the mRNA level of LS was consistent with the accumulation of betulinic acid [42] , and both the organspecific expression of Ricinus communis LS (RcLUS) and the expression pattern during hypocotyl development exactly matched the accumulation of cuticular lupeol in castor bean [48] . Up to now, the LS cDNA has been successfully cloned by homology based PCR methods from many plants, for example, A. thaliana [49, 50] , B. platyphylla var. japonica [43] , G. glabra [42] , R. communis [48] , and Taraxacum officinale [51] . LS may be related closely to other OSCs, for example, the cDNA of A. thaliana LS encodes a protein 57% identical to A. thaliana CAS [49, 52] , and RcLUS exhibits some similarities with β-ASs [48] . Above all, two branches of LS have been generated in higher plants during evolution [51] . [55] .
β-AS catalyzes the cyclization of OS into β-amyrin, generating five rings and eight asymmetric centers in a single transformation [56] . It has been established that β-AS activity and β-AS transcription level are in accordance with triterpenoid accumulation. For example, in cultured cells of G. glabra, the up-regulations of β-AS mRNA level and β-AS activity contributed to the high-level accumulation of soyasaponins, i.e. more than 2% of the dry cell weight [21] . Generally in G. glabra, the mRNA expression level of β-AS was consistent with the accumulation of oleanane-type triterpenoid saponins, the β-AS transcript was highly expressed in the cultured cells, root nodules and germinating seeds where soyasaponin accumulates, and in the thickened roots where glycyrrhizin accumulates [42] . In Gentiana straminea, β-AS (GsAS1) expressed in a tissue-specific manner, with its expression in the leaf being about 4.5-fold greater than that in the root, and nearly three-fold greater than that in the stem, and was positively associated with the oleanolic acid synthesis [57] . β-AS cDNAs have been successfully cloned from a variety of plants, for example, Aster sedifolius [58] , B. platyphylla var. japonica [43] , G. straminea [57] , Medicago truncatula [17, 59] , and P. ginseng [56] . Partial β-ASs have been elucidated, for example, the 2286 bp ORF of A. sedifolius β-AS (AsOXA1) encodes 761 amino acids, which contain QW and DCTAE motifs [58] ; the ORF of G. straminea β-AS (GsAS1) consists of 2268 bp, encodes 756 amino acids, which contain four QW and one DCTAE motifs and shares 76.2% homology with that of P. ginseng β-AS [57] .
(4) Functions and coding genes of PDMO and GT: PDMO and GT are both involved in the late stage of triterpenoid saponin biosynthesis (Figure 1 ). The triterpene structures produced from OS subsequently undergo various modifications (oxidation, substitution and glycosylation), mediated by PDMO, GT and other enzymes. Nevertheless, so far, little is known about the oxidation and glycosylation reactions [5, 10, 38] .
PDMOs mediate the oxidation of inert methylene and methyl groups of triterpene skeletons [60, 61] . They include several concrete enzymes, for example, protopanaxadiol hydroxylase (P6H) which catalyzes the biosynthesis of protopanaxatriol from protopanaxadiol [62] , and cytochrome P 450 -dependent hydroxylase [ NADPH and O 2 , and that the enzymatic reaction was inhibited by carbon monoxide, was partially reversible upon illumination with blue light, and sensitive to cytochrome P 450 inhibitors [62] .
The usual GTs involved in triterpenoid saponin synthesis include glucosyltransferases, for example the uridine diphosphate glucose (UDPG): ginsenoside Rd glucosyltransferase of P. notoginseng [64] ; and glucuronosyltransferases, for example, the uridine diphosphate (UDP)-glucuronic acid: soyasapogenol B glucuronosyltransferase of G. glabra [21] . Identification and gene cloning of the GT involved in triterpenoid saponin biosynthesis are difficult because of the structural diversity and complexity of triterpenoid saponins [65] . In , which expressed in roots and leaves and appeared to be involved in monodesmoside biosynthesis [70] . In 2010, Shibuya et al. identified and characterized two GTs from G. max, i.e. GmSGT2 and GmSGT3. GmSGT2 transferred a galactosyl group from UDP-galactose to soyasapogenol B monoglucuronide and GmSGT3 transferred a rhamnosyl group from UDP-rhamnose to soyasaponin III, suggesting that soyasaponin I is biosynthesized from soyasapogenol B by successive sugar transfer reactions [65] .
Induction of the activities of the key enzymes and their genes involved in triterpenoid saponin biosynthesis in plants Factors inducing the activities and gene expressions of the key enzymes
During the last two decades, many studies have shown that the activities and/or gene expressions of the key enzymes involved in the biosynthesis of triterpenoid saponins (SS, SE, LS, DS, β-AS, PDMO and GT) could be induced by various factors in plants ( [76] . From 2002 to 2009, MeJA was proved to induce the transcriptions of SSs of M. truncatula [17] , G. glabra [21] , C. asiatica [23] , P. ginseng [36, 63] , and P. notoginseng [77] . In 2003, Hu et al. found that nitric oxide (NO) and plant cell wall-derived elicitor oligogalacturonic acid (OGA) induced the transcription level of the SS of P. ginseng cell cultures [34, 78] . From 2004 to 2005, several authors reported that P. ginseng SS could be induced to express efficiently by chitosan [24, 36, 79] . In 2006, Kim et al. demonstrated, by using hairy root culture, that a medium containing three-fold of phosphorus and potassium could induce the transcription enhancement of Bupleurum falcatum SS after 8 days, leading to an increase of saikosaponin accumulation, and thereafter, SS expressed persistently [80] . In 2008, Hu proved that 2-hydroxyethyl jasmonate (HEJ) induced the up-regulation of the transcription of P. notoginseng SS [77] (Table 1 ).
(2) Factors inducing SE expression: From 2002 to 2010, MeJA was proved to induce the transcriptions of the SEs of M. truncatula (SE2) [17] , P. ginseng [24, 33, 36, 63] , and P. notoginseng [77] . In detail for P. ginseng, Han et al. found that MeJA enhanced the accumulation of PgSQE1 mRNA in roots, but rather suppressed PgSQE2 expression [33] . In 2002, Hu et al. found that P. ginseng SE could be induced by chitosan [81] . In 2003, Hu et al. proved that NO, OGA, H 2 O 2 and jasmonic acid (JA) induced the transcription level of the SE of P. ginseng cell cultures [34, 78] , and, simultaneously, Hu et al. found that the endogenous elicitor, cellulase-degraded cell wall (CDW), prepared from the cell wall of suspensioncultured P. ginseng cells via cellulase degradation, increased the expression of a P. ginseng SE [35] . In 2005, Xu et al. found that fungal elicitor also induced the increase of the SE transcription of the cultured cells of P. ginseng [74] . In 2008, Hu et al. found that 2hydroxyethyl jasmonate (HEJ) induced the up-regulation Key enzymes of triterpenoid saponin biosynthesis Natural Product Communications Vol. 5 (7) MeJA was proved to upregulate the transcriptions of the DSs of C. asiatica [83] [84] [85] , and P. ginseng [54, 63] . In 2009, Liang et al. found, in P. ginseng hairy roots, that because DS and CAS are responsible for ginsenoside and phytosterol biosynthesis, respectively, antisense suppression of the CAS strikingly decreased the CAS transcript level, CAS activity and phytosterol level, and raised the DS activity and total ginsenoside contents [55] . found that P. ginseng β-AS could be induced by chitosan [81] . From 2002 to 2009, MeJA was confirmed to upregulate the transcriptions of the β-ASs of C. asiatica [17] , G. glabra [21, 42] , P. ginseng [24] , M. truncatula [86] , G. straminea MAXIM [57] , and Nigella sativa [87] . In 2003, Hayashi et al. reported that, in the cultured cells of G. glabra, the β-AS was down-regulated by yeast extract (YE) [21] , but Suzuki et al. found, in the cell suspension cultures of M. truncatula, that the β-AS transcripts were weakly induced at 12 h after exposure to YE [86] . In 2003, Hu et al. discovered that NO and OGA increased the accumulation of β-AS protein in cell cultures of P. ginseng [78] . In 2005, Xu et al. found, in cultured cells of P. ginseng, that the Elicitor Cle deriving from fungal cell walls could induce the accumulation of β-AS [74] . In 2006, Kim et al. confirmed, by using hairy root culture, that the medium containing three-fold of phosphorus and potassium could induce the transcription of B. falcatum β-AS after 8 days, leading to an increase of saikosaponin accumulation, and, thereafter, the β-AS expressed persistently [80] . In 2009, Basyuni et al. found that salt stress increased the mRNA levels of β-AS in B. gymnorrhiza root [82] (Table 1 ). confirmed that the expressions of the five genes associated with cytochrome P 450 -dependent hydroxylases in P. ginseng hairy roots could not be elicited by MeJA [63] (Table 1 ). found that the UDP-glucuronic acid: soyasapogenol B glucuronosyltransferase activity of the cultured G. glabra cells was up-regulated by exogenous MeJA [21] . In 2005, Yue et al. discovered that the UDPG: ginsenoside Rd glucosyltransferase of P. notoginseng was strongly affected by many metal cations [64] . In 2009, Kim et al. confirmed, in P. ginseng hairy roots, that the expression of glucosyltransferase gene was upregulated by MeJA [63] (Table 1) .
Inducing characteristics of the activities and gene transcriptions of the key enzymes
(1) The effects of the elicitors on the content and composition of the triterpenoid saponins in specific plants are not certainly coincident. The intensification of the 1154 Natural Product Communications Vol. 5 (7) 2010
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activity of the specific key enzyme and its gene expression can often influence, usually increase, the saponin content in plants. Nevertheless, the elicitor changes the composition of the saponins in some plants, but not in others. For example, after the SS SE2 and β-AS of M. truncatula were strongly and coordinately induced by MeJA, but the triterpenoid saponin composition remained unchanged [17] . On the other hand, for P. ginseng hairy roots, the fungal elicitor not only affects the content of the total saponins, but also results in either the disappearance or increase of some monomeric saponins [88] . Similarly, it was found that 7 days of MeJA elicitation greatly increased the level of all ginseonsides of P. ginseng hairy roots, and the protopanaxadiol-type saponin contents increased by 5.5~9.7 times that of the control, and the protopanaxatriol-type saponin contents increased 1.85~3.82 fold. However, the Rg1 ginsenoside content was affected negatively [63] .
(2) It seems that different elicitors induce the gene expression of the specific enzyme by different signal pathways. For instance, the induction of chitosan on the gene expressions of the key enzymes involved in the synthesis of P. ginseng saponins is probably because chitosan activates the mitogen-activated protein kinase (MAPK) cascade, and the activity of mitogen-activated protein kinase (MAPK); the activated MAPK further induces the enhancement of the plasma membrane NADPH oxidase activity and the oxygen burst. [34] . Alternatively, the enhancement of the SS, SE and β-AS transcriptions of the cultured cells of P. ginseng induced by the Elicitor Cle may be because the Cle induces the production of both singlet oxygen and ethylene, which are required in the saponin synthesis. Moreover, the singlet oxygen perhaps functions upstream of ethylene [74] . On the other hand, HEJ or MeJA can induce the up-regulation of SS and SE expressions, the downregulation of CAS expression, and the biosynthesis of endogenous JA and ginsenoside in cell cultures of P. notoginseng. JA may act as a signal transducer playing an important role in the ginsenoside synthesis [77] .
(3) Different elicitors possibly induce the gene expressions of the specific key enzymes at different levels. Devarenne et al. reported that fungal elicitor quickly decreased N. tabacum SS activity to zero within 24 hours, during which the transcription level of the SS remained unchanged on the whole. So, the inhibition of fungal elicitor on the SS activity might be realized by the post-transcription processing of the elicitor on the SS [73] . However, Newman and Chappell found that the elicitor treatment could not alter the mRNA level of the SS of N. tabacum in cells, but could elevate the SS activity. Therefore, the elicitor might regulate the enzyme activity by some kind of post-translational control, such as turnover of the enzyme protein, phosphorylation and so forth [16, 89] .
CONCLUSIONS
Triterpenoid saponins are the active components of many medicinal plants. The biosynthetic pathway of triterpenoid saponins in higher plants and numerous research results have both indicated that the key enzymes involved in the biosynthesis of the triterpenoid saponins in plants are SS, SE, LS, DS, β-AS, PDMO and GT. In various plant species, the positive correlations between the activities and gene expression levels of the key enzymes and the accumulation levels of triterpenoid saponins have been established. Simultaneously, it has been validated that the activities and coding genes of the key enzymes could be induced by a range of factors, and MeJA, chitosan, fungal elicitor and so forth could act as the elicitors inducing the gene expressions of the specific key enzymes. However, the effects of the factors on the content and composition of the triterpenoid saponins in specific plants are not certainly coincident, and different factors appear to induce the gene expressions of the key enzymes by different signal pathways and at different levels. In the future, strengthening the triterpenoid saponin-synthesizing capability of medicinal plants at the enzyme and/or gene expression levels will be one of the important means to improve the plants' commercial values. However, for the regulation of triterpenoid saponin biosynthesis in a specific medicinal plant, there is a long way to go to seek, screen and confirm the factors which can efficiently induce the activities and gene expressions of the key enzymes.
